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Summary

The wear behavior of low-cost, lightweight 10-wt% TiC-particulate-reinforced Ti-6Al-4V matrix
composite (TiC/Ti-6Al-4V) was examined under fretting at 296, 423, and 523 K in air. Bare 10-wt%
TiC/Ti-6Al-4V hemispherical pins were used in contact with dispersed multiwalled carbon nanotubes
(MWNTs), magnetron-sputtered diamondlike carbon/chromium (DLC/Cr), magnetron-sputtered
graphitelike carbon/chromium (GLC/Cr), and magnetron-sputtered molybdenum disulphide/titanium
(MoS,/Ti) deposited on Ti-6Al1-4V, Ti-48 Al-2Cr-2Nb, and nickel-based superalloy 718. When TiC/Ti-
6Al-4V was brought into contact with bare Ti-6Al-4V, bare Ti-48Al-2Cr-2Nb, and bare nickel-based
superalloy 718, strong adhesion, severe galling, and severe wear occurred. However, when TiC/Ti-6Al-
4V was brought into contact with MWNT, DLC/Cr, GLC/Cr, and MoS,/Ti coatings, no galling occurred
in the contact, and relatively minor wear was observed regardless of the coating. All the MWNT,
DLC/Cr, GLC/Cr, and MoS,/Ti coatings on Ti-6Al-4V were effective from 296 to 523 K, but the
effectiveness of the MWNT, DLC/Cr, GLC/Cr, and MoS,/Ti coatings decreased as temperature increased.

Introduction

Conventional titanium alloys typically display poor tribological properties because they are
chemically active and exhibit strong adhesion when in contact with themselves and other materials
(ref. 1). This adhesion causes high friction, and subsequently galling, which results in heavy surface
damage in practical cases. The Galileo spacecraft’s high-gain antenna deployment anomaly is an
example: the titanium alloy component on the high-gain antenna was stuck on a counterpart superalloy
component (ref. 1).
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Virtually all machines and components on a spacecraft vibrate and receive a great amount of relative
motion due to shipping and the launching process. Fretting occurs in joints between components that are
not intended to move. Vibrational wear of bulk materials and coatings may result from high contact
pressure and cyclic motion (oscillatory tangential displacement) of small amplitude, and galling occurs in
the contact. Another example has been found in aircraft. Fretting is a serious concern in a wide range of
titanium alloy components used in aircraft engines because observations of service-exposed titanium-
based alloy fan blade-disk couples in fan engine propulsion systems revealed the presence of severe
galling and fretting damage on the contacting surfaces of blade dovetails and disk slots (refs. 2 to 5). The
performance of turbine blades is often limited by tribological fretting problems.

Ways to reduce fretting wear and fatigue damage in titanium alloys were studied with the introduction
of diamondlike carbon (DLC) surface coatings to materials couples in contact and to titanium 48-wt%
aluminum 2-wt% chromium 2-wt% niobium (Ti-48 Al-2Cr-2Nb) crack-resistant alloy (refs. 6 to 12). The
fretting wear characteristics of DLC and Ti-48Al-2Cr-2Nb have shown promising capabilities in reducing
fretting wear and fatigue damage. The present investigation is continuing this effort and is seeking further
improvements in the fretting characteristics of titanium alloys.

A titanium carbide (TiC) particulate-reinforced titanium 6-wt% aluminum 4-wt% vanadium
(Ti-6Al-4V) composite is of great interest for further improving tribological properties, particularly wear
resistance and crack resistance, in comparison to those of conventional monolithic Ti-6Al-4V alloy,
because new manufacturing technologies can now produce uniformly distributed particle-strengthened
titanium matrix composites (TMCs) at costs lower than for many types of continuous-fiber composites
(refs. 13 to 17). The TMCs can be produced using particulate TiC as an addition to the powder metallurgy
titanium-alloy matrix. The use of a TiC particulate permits the low-cost powder metallurgy manufacturing
technology and fabrication process to be used. Furthermore, TiC is thermodynamically stable in the
titanium-alloy matrix at processing temperatures. This leads to a stable particle-matrix interface and
avoids the detrimental interactions that occur between titanium and stiffeners, such as silicon carbide
particulates, in the process.

The 10-wt% TiC-particulate-reinforced Ti-6Al-4V matrix composite (TiC/Ti-6Al-4V) has room-
temperature elastic modulus values that are about 15 percent higher on average than those of the
monolithic Ti-6Al-4V alloy. Furthermore, the modulus advantage persists over the temperature range to
925 K. Also, it was reported by the Ohio Aerospace Institute (OAI)-NASA group that the process results
in near-final-shape components having a material stiffness up to 26-percent greater than that of compo-
nents made with conventional titanium materials (ref. 16). This benefit is achieved with no significant
increase in the weight of the component. In addition, the TMC material has good machinability.

The primary objective of this investigation is to study and evaluate the wear characteristics of the
low-cost, lightweight 10-wt% TiC/Ti-6Al-4V under fretting. Fretting experiments were conducted with
polished bare 10-wt% TiC/Ti-6Al-4V hemispherical pins in contact with polished, bare Ti-6Al-4V, Ti-
48A1-2Cr-2Nb, and nickel-based superalloy 718 disks at temperatures of 296, 423, and 523 K in air.
Fretting experiments also were conducted with bare 10-wt% TiC/Ti-6Al-4V hemispherical pins in contact
with four types of solid-film lubricants at temperatures of 296, 423, and 523 K in air. The four solid-film
lubricants were dispersed multiwalled carbon nanotubes (MWNTs), magnetron-sputtered diamondlike
carbon/chromium (DLC/Cr), magnetron-sputtered graphitelike carbon/chromium (GLC/Cr), and
magnetron-sputtered molybdenum disulphide/titanium (MoS,/Ti). All the solid-film lubricants were
deposited on Ti-6Al-4V disk substrates. All fretting experiments were conducted at a load of 1.0 N, a
frequency of 80 Hz, and a slip amplitude of ~50 um for 1 hr. Analyses of as-received surfaces, wear
surfaces, transfer films, wear debris, and microstructures were conducted using high-resolution trans-
mission electron microscopy (HRTEM), scanning electron microscopy (SEM), energy-dispersive x-ray
spectroscopy (EDS), optical microscopy, and noncontact, vertical-scanning-interferometry (VSI).
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Materials

The particulate titanium matrix composite (TiC/Ti-6Al-4V) fabricated by powder metallurgy consists
of titanium alloy Ti-6AI-4V, as the matrix material, containing 10 wt% of ceramic TiC particles. A set of
hemispherical pin specimens was manufactured from a sample of the 10-wt% TiC/Ti-6Al-4V bars. All
the pin specimens were polished with 3-um-diameter diamond powder. Figure 1 shows distributed
particle-strengthened titanium matrix composite. The mean value of Vickers microhardness of the
composite at 296 K is 17-percent greater than that of the plain Ti-6Al-4V alloy (table I). This is expected
because the ceramic particles increase stress and hardness in the matrix materials. The tensile strength of
the composite is 14-percent greater than that of the plain Ti-6Al-4V.

A set of alloy flat-disk specimens was manufactured, and the surfaces that would be brought into
contact with pins were polished with 3-um-diameter diamond powder. The ultimate tensile strengths of
Ti-6Al-4V, Ti-48 Al-2Cr-2Nb, and superalloy 718 are 950, 410, and 1434 MPa, respectively, at room
temperature. Superalloy 718 is a precipitation-hardenable nickel-chromium alloy containing significant
amounts of iron, niobium, and molybdenum along with lesser amounts of aluminum and titanium.

Figure 1.—Distribution of titanium carbide particles in a matrix of titanium alloy, Ti-6Al-4V.

TABLE .—MATERIALS AND SOLID-FILM LUBRICANT COATINGS USED IN THIS INVESTIGATION
AND THEIR SURFACE ROUGHNESS AND VICKERS MICROHARDNESS

Specimen

Centerline-average roughness,

Vickers hardness,

R, Hv (indentation load),
nm GPa
Mean Standard Mean Standard
deviation deviation
TiC/Ti-6Al1-4V composite as-finished at 296 K 225 76 3.65 0.42
TiC directly interacted with indentations 4.73 47
Ti-6A1-4V matrix itself 3.19 .14
TiC/Ti-6Al-4V composite heated to 823 K* 1.45%10° 0.51x10° 3.70 .61
Ti-6Al-4V as-finished at 296 K 60 13 3.12 .076
Ti-6A1-4V heated to 823 K* 1.03x10° 0.37x10° 3.72 25
Ti-48Al-2Cr-2Nb as-finished at 296 K 35 33 3.78 .57
INickel-base superalloy 718 as-finished at 296 K 18 7.2 4.78 21
DLC/Cr (2-pm-thick coating) on Ti-6A1-4V 84 13 11.3 23
GLC/Cr (2.5-pm-thick coating) on Ti-6Al-4V 98 17 6.52 0.71
MoS,/Ti (1-pm-thick coating) on Ti-6Al-4V 96 9.1 3.93 17
Ti-6Al-4V substrate before deposition of dispersed MWNTs coating 60 13 3.12 .076

*The measurements of centerline-average roughness and Vickers microhardness were conducted with specimens exposed to

823 K in air. All measurements were, however, performed at 296 K.
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Figure 2.—Electron micrographs of multiwalled carbon nanotubes. (a) Low magnification (SEM). (b) Low magni-
fication (TEM). (c) Low magnification (TEM). (d) High magnification (HRTEM).

The synthesis and dispersed-film preparation of MWNTs are described elsewhere (ref. 17). Since the
MWNTs were agglomerated, a dilute solution of MWNT particles, nonionic surfactant, and solvent were
placed in an ultrasonic bath prior to deposition of the MWNTs on the Ti-6Al-4V disk surface so that the
MWNTs would have a proper suspension. The dispersed MWNT coating films were deposited on Ti-6Al-
4V disks with the dilute MWNT suspension, then the solvent was evaporated under dry nitrogen flow.
MWNT coating films with a standard thickness of 2.52 ug-mm > were used. Figures 2(a) to (d) present an
SEM micrograph and transmission electron microscopy (TEM) and HRTEM photomicrographs of
MWNTs, showing a tangle of long, thin cylinders (randomly oriented tubular, nanofiberlike particles),
multiwalled carbon nanotubes with different diameters, different inner channels, and a wall structure with
some breaks and discontinuities among the carbon lamellae.
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The commercially available DLC/Cr, GLC/Cr, and MoS,/Ti coatings were deposited on Ti-6Al1-4V
disk substrates by magnetron sputtering at Teer Coatings LTD, Worcestershire, UK (ref. 18). Each
coating had an interlayer for adhesion enhancement. DLC and GLC coatings had a ~200-nm-thick Cr
interlayer, and MoS, coatings had a ~100-nm-thick Ti interlayer. During the DLC coating process, the
plasma is radiofrequency enhanced. According to the manufacturer, the coating thicknesses of DLC/Cer,
GLC/Cr, and MoS,/Ti were approximately 2, 2.5, and 1 pum, respectively.

Experiments

Figure 3 presents the high-temperature fretting wear apparatus used in this investigation. Fretting
wear experiments were conducted with 3-mm-diameter, hemispherical TiC/Ti-6Al-4V composite pins in
contact with the surfaces of the four types of solid-film lubricants in air at temperatures of 296, 423, and
523 K. Also, fretting wear experiments were conducted with 3-mm-diameter, hemispherical TiC/Ti-6Al-
4V composite pins in contact with the bare, polished surfaces of the three types of alloy disks in air at
temperatures of 296, 423, and 523 K. All fretting wear experiments were conducted at a load of I N, a
frequency of 80 Hz, and a slip-amplitude of ~50 um for 2.88x10° cycles. In this investigation, shaft 1
(see fig. 3) was disconnected and shaft 2 was used for the 80-Hz experiments.

Both the pin and disk surfaces were rinsed with 200-proof ethyl alcohol before installation in the
fretting apparatus. Two or three fretting experiments were conducted with each material couple at each
fretting condition. Then, the data were averaged to obtain the wear volume loss of material.
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Figure 3.—High-temperature, reciprocating fretting/sliding friction apparatus.
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Analytical techniques (refs. 19 and 20) were used to characterize the surface chemistry, morphology,
and topography of the pins and disks, including (1) HRTEM to characterize the nanostructure and
microstructure; (2) VSI with a profile height resolution of 0.1 nm to determine surface characteristics,
such as topography, roughness, and wear volume loss; (3) SEM with EDS and optical microscopy to
determine the morphology and elemental composition of wear surfaces, transferred materials, and wear
debris; and (4) Vickers hardness testing to determine the microhardness of the materials at 296 K.

The surfaces of the disk specimens, determined by using VSI, were relatively smooth—having a
centerline average roughness R, in the range 18 to 98 nm (table [)—compared with those of TiC/Ti-6Al-
4V composite pins. The wear volume loss of the pins and disks was determined by using VSI and/or
SEM. The wear volume loss of a pin specimen was determined by measuring the size of the wear scar on
the tip of the pin after an experiment. The diameters of the wear area were measured on an SEM
photographic print using electronic digital calipers, SEM image analysis, and/or VSI image analysis.
Then, the mean diameter of a nearly circular wear scar was used to calculate the volume of pin material
that would have been removed. The wear volume loss of a disk specimen was determined by using VSI.

Results

TiC/Ti-6Al-4V Fretted Against Ti-6Al-4V With and Without Solid-Film Lubricants

Figures 4(a) and (b) show the specific wear rates of the pins and disks, respectively, obtained from
fretting wear experiments in air at 296 K for bare composite TiC/Ti-6Al-4V pins in contact with different
counterpart material disks: MWNTs on Ti-6Al1-4V, DLC/Cr on Ti-6Al-4V, GLC/Cr on Ti-6Al-4V,
MoS,/Ti on Ti-6Al-4V, and bare Ti-6Al-4V. They indicate that the wear rates of both the pins and disks
for TiC/Ti-6Al-4V fretted against solid-film lubricants deposited on Ti-6Al-4V are much lower than those
for TiC/Ti-6Al-4V fretted against bare Ti-6Al-4V. All the solid-film lubricant coatings dramatically
improved the wear rate of TiC/Ti-6Al-4V pins. The MWNT coating reduced the TiC/Ti-6Al-4V pin wear
rate so much that it was almost not measurable, and the wear rate for the pin at 296 K in air was around
3.3x10°* mm>N""\m™". The wear rates of composite TiC/Ti-6A1-4V pins fretted against MWNT-,
DLC/Cr-, MoS,/Ti-, and GLC/Cr-coated Ti6Al-4V disks were two to three orders of magnitude lower
than that fretted against bare Ti-6Al-4V (fig. 4(a)). For example, the wear rate of the pin fretted against
DLC-coated Ti-6Al-4V was 9.8x10™* mm®-N""-m ', whereas that of the pin fretted against bare Ti-6Al-4V
was 2.7x107° mm’N"'m™".

The wear of the dispersed MWNT coating was difficult to define and was not measured in this
investigation because of the nature of the tangled, dispersed MWNTs (e.g., fig. 2). Almost no wear of the
Ti-6Al-4V disk substrate was observed for the Ti-6Al-4V disk coated with MWNTs. Figure 4(b),
therefore, shows (1) the wear rate of the Ti-6Al-4V substrate for MWNT-coated Ti-6Al-4V excluding the
wear loss of the MWNTs and (2) the wear volume loss of DLC/Cr, MoS,/Ti, and GLC/Cr for DLC/Cr-,
MoS,/Ti-, and GLC/Cr-coated Ti-6Al-4V. The wear rates shown in fig. 4(b), therefore, should be
viewed with caution. The wear rate of the Ti-6Al-4V substrate was almost not measurable (around
3.8x10°* mm* N -mﬁl). The wear rates of MWNT-, DLC/Cr-, MoS,/Ti-, and GLC/Cr-coated Ti-6A1-4V
disks were one order to three orders of magnitude lower than that of bare Ti-6Al-4V (fig. 4(b)). For
example, the wear rate of DLC/Cr fretted against the composite at 296 K was 8.5x10” mm*N "-m,
whereas that of the bare Ti-6Al-4V fretted against the composite at 296 K was 7.2x10° mm’*N'm™".
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Figure 4 —Wear of bare TiC/Ti-6Al-4V pins in contact with different counterpart material disks:
multiwalled nanotubes (MWNTs) on Ti-6Al-4V, DLC/Cr on Ti-8Al-4V, GLC/Cr on Ti-6Al-4V,
MoS,/Ti on Ti-6Al-4V, and bare Ti-6Al-4V in air at 296 K. (a) Wear of bare TiC/Ti-6Al-4V pins.
(b) Wear of counterpart coatings on disks and of bare Ti-6Al-4V disks.

TiC/Ti-6Al-4V Fretted Against Ti-48Al-2Cr-2Nb and Superalloy 718
With and Without MWNT Coating

Figures 5(a) and (b) show the specific wear rates of pins and disks, respectively, obtained from
fretting wear experiments with bare composite TiC/Ti-6Al-4V pins in contact with different counterpart
material disks in air at 296 K. Figure 5(a) indicates that the wear rates of pins for TiC/Ti-6Al-4V
fretted against MWNTs deposited on Ti-48 AI-2Cr-2Nb and on superalloy 718 are much lower
than those for TiC/Ti-6Al-4V fretted against bare Ti-48Al-2Cr-2Nb and bare superalloy 718. The
MWNT coating reduced TiC/Ti-6Al-4V pin wear so much that it was almost not measurable (around
3.5x10° mm’N"'.m™1; fig. 5(a)).

The wear of the dispersed MWNT coating was difficult to define and was not measured in this
investigation because of the nature of the tangled, dispersed MWNTs (fig. 2). Figure 5(b), therefore,
presents the wear rate of the Ti-48 AI-2Cr-2Nb and superalloy 718 substrates for MWNT-coated Ti-48Al-
2Cr-2Nb and MWNT-coated superalloy 718 disks, respectively. The wear rates of uncoated, bare Ti-
48Al-2Cr-2Nb and bare superalloy 718 disks are also shown in figure 5(b). The wear rates shown in
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Figure 5.—\Wear of bare TiC/Ti-6Al-4V pins in contact with different counterpart material disks: multi-
walled nanotubes (MWNTs) on Ti-48AI-2Cr-2Nb, MWNTs on superalloy 718, bare Ti-48Al-2Cr-2Nb,
and bare superalloy 718 in air at 296 K. (a) Wear of bare TiC/Ti-6Al-4V pins. (b) Wear of counterpart
MWNT-coated Ti-48Al-2Cr-2Nb and MWNT-coated superalloy 718 disk substrates and of bare
Ti-48Al-2Cr-2Nb and bare superalloy 718 disks.

figure 5(b) should be viewed with caution. For MWNT-coated disks, almost no wear of the Ti-48Al1-2Cr-
2Nb and the superalloy 718 substrates was observed, and the wear rates were around 3x10 ™ mm’.N"'.m™".
In contrast, the wear rates of bare Ti-48 Al-2Cr-2Nb and bare superalloy 718 fretted against the TiC/Ti-

6A1-4V composite were 8.2x10° mm> N '-m ' and 4.2x10° mm’N""-m™', respectively.

Wear at Elevated Temperatures

Figures 6(a) and (b) show the effect of temperature on the specific wear rate of pins and disks,
respectively, obtained from fretting wear experiments for bare composite TiC/Ti-6Al-4V pins in contact
with different counterpart material disks in air at temperatures of 296, 423, and 523 K. Figures 6(a) and
(b) show that the wear rates of both the pins and disks for the composite TiC/Ti-6Al-4V fretted against
the MWNT-, DLC/Cr-, GLC/Cr-, and MoS,/Ti-coated Ti-6Al-4V disks increased as the temperature
increased. In contrast, the wear rates of the pin and disk for the composite TiC/Ti-6Al-4V pin fretted
against the bare Ti-6Al-4V disk were almost unchanged in the temperature range between 296 and
523 K. The wear rates of the composite TiC/Ti-6Al-4V pins fretted against the MWNT-, DLC/Cr-,
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Figure 6.—Effect of temperature on fretting wear volume losses for bare TiC/Ti-6Al-4V pins in contact
with different counterpart material disks: multiwalled nanotubes (MWNTSs) on Ti-6Al-4V, DLC/Cr on
Ti-6Al-4V, GLC/Cr on Ti-6Al-4V, MoS,/Ti on Ti-6Al-4V, and bare Ti-6Al-4V in air at 296 K. (a) Wear
of bare TiC/Ti-6Al-4V pins. (b) Wear of counterpart coatings on disks and of bare Ti-6Al-4V disk.

GLC/Cr-, and MoS,/Ti-coated Ti-6A1-4V disks at 423 and 523 K were lower than for the pin fretted
against the bare Ti-6Al-4V disk. Although the wear rates of the MWNT-coated disks were still lower than
that of the bare Ti-6Al-4V disk, the wear rates of the DLC/Cr-, GLC/Cr-, and MoS,/Ti-coated Ti-6Al-4V
disks exceeded that of the bare Ti-6Al-4V disk at 523 K.

Observations of Wear Debris

As an example, figures 7(a) and (b) show a VSI surface profile of a bare, polished pin and that of a
pin after fretting against a MWNT-coated Ti-6Al-4V disk, respectively. In contrast to figure 7(a), the two-
dimensional profile in figure 7(b) shows buildups of transferred MWNTs. SEM and optical microscopy
indicated that the entire contact area of the counterpart TiC/Ti-6Al-4V pins fretted against MWNT
coatings contained transferred agglomerated patches and particles of MWNTs. The contact area of the
MWNT-coated Ti-6Al-4V disk still contained residual, smeared, agglomerated MWNT patches and
particles in the contact area.

SEM observations for TiC/Ti-6Al-4V in contact with DLC/Cr-, GLC/Cr-, and MoS,/Ti-coated
Ti-6Al-4V disks indicated that regardless of the three types of solid-film lubricants, the surface damage
on both the pin and disk at temperatures from 296 to 523 K consisted of submicrometer- and micrometer-
sized wear debris particles all over the wear scars; a small amount of micrometer-sized, dislodged TiC
wear debris; a few needlelike wear particles with diameters in the micrometer range and lengths in the
tens-of-micrometers range; grooves formed in the slip direction where adhesion and subsequent shear
fracture occurred; pits; craters; and cracks. Also, agglomerated wear debris particles in the ten- to thirty-
micrometer range and agglomerated particles in the tens-of-micrometers range were found in and just
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Figure 7.—Vertical-scanning-interferometry (VSI) surface profiles of TiC/Ti-6Al-4V pins. (a) Polished
pin. (b) Pin fretted against multiwalled-nanotube- (MWNT-) coated Ti-6Al-4V disk.

outside of the wear scars, respectively. The surface damage on both the pin and disk generally increased
at temperatures of 423 and 523 K.

SEM observations for TiC/Ti-6Al-4V in contact with Ti-6Al-4V, Ti-48 Al-2Cr-2Nb, and superalloy
718 in air at temperatures of 296, 423, and 523 K indicated that, regardless of the type of alloy, the
surface damage on both the pin and disk consisted of alloy wear debris, alloy transfer, fracture pits, oxides
and debris, scratches, craters and plastically deformed asperities, and cracks. Compared with specimens
coated with the solid-film lubricants, the degree of the surface damage for these alloys was generally
greater.

Discussion

Effectiveness of MWNTSs

When an MWNT-coated Ti-6AI1-4V substrate disk was brought into contact with a composite
TiC/Ti-6Al-4V pin under fretting, strong bonds were formed between the MWNTSs and the composite.
The contact area of the composite TiC/Ti-6Al-4V pin was covered with transferred MWNTs, which
prevented direct contact between the TiC/Ti-6Al-4V pin and the Ti-6Al-4V substrate. There was
essentially no direct contact between the composite TiC/Ti-6Al-4V pin and the Ti-6Al-4V substrate disk
when an MWNT coating was used. The MWNTs transferred to the pin and the MWNTSs remaining on the
disk protected both the pin and disk from wear. No galling occurred in the contacts during fretting.
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The wear behavior of TiC/T-6Al1-4V in contact with MWNTs dispersed on both Ti-48Al-2Cr-2Nb
and superalloy 718 was similar to that of the MWNTs dispersed on Ti-6Al-4V. There was no direct
contact between the TiC/Ti-6Al-4V pin and Ti-48 Al-2Cr-2Nb or superalloy 718, and no galling occurred
during fretting.

Effectiveness of DLC/Cr, MoS,/Ti, and GLC/Cr Coatings

The surface characteristics of Ti-6Al-4V were much improved by the DLC/Cr, GLC/Cr, and MoS,/Ti
coatings, enhancing the fretting wear resistance at room temperature (296 K). The effectiveness of a
coating on fretting wear was the same regardless of the coating system. One was as good as another. The
wear volume loss of TiC/T-6Al1-4V in contact with DLC/Cr-, MoS,/Ti-, and GLC/Cr-coating surfaces
was 2 orders of magnitude lower than that of TiC/T-6Al-4V in contact with T-6Al-4V under fretting.
Also, the wear volume losses of the DLC/Cr, MoS,/Ti, and GLC/Cr coatings were 1 to nearly 2 orders of
magnitude lower than that of Ti-6Al-4V. The wear volume losses of the composite TiC/Ti-6Al-4V fretted
against DLC/Cr, GLC/Cr, and MoS,/Ti were on the order of 10° mm’, whereas those of the counterpart
DLC/Cr, GLC/Cr, and MoS,/Ti were 1 order of magnitude greater than those of the composite (figs. 4(a)
and (b)).

When the DLC/Cr, MoS,/Ti, and GLC/Cr coatings were applied to Ti-6Al-4V, direct contacts
between TiC/T-6Al1-4V and Ti-6Al-4V were avoided, and no galling occurred in the contacts during
fretting. In contrast, when bare Ti-6Al-4V disks were brought into contact with TiC/T-6Al-4V pins,
strong adhesion, severe galling, and severe fretting wear damage occurred in the contacts. The surfaces
of TiC/T-6Al1-4V and Ti-6Al-4V failed in tension and shear in the early stages of the fretting process
because the interfacial adhesive bonds were stronger than the cohesive bonds in the alloys. Fractures in
the TiC/T-6Al-4V and Ti-6Al-4V surfaces and in their oxide layers produced wear debris particles. The
trapped wear debris at the interface caused abrasive wear, which is a severe form of wear. Similar
behaviors were observed for the TiC/T-6Al-4V in contact with bare Ti-48Al-2Cr-2Nb and with
superalloy 718.

Temperature Effects

The wear rates obtained from the material couple of the composite TiC/Ti-6Al-4V and dispersed
MWNTs deposited on Ti-6Al-4V were lower than those of the TiC/Ti-6Al-4V and Ti-6Al1-4V couple in
air at temperatures of 296, 423, and 523 K. The MWNTs transferred to the pin and the MWNTSs remain-
ing on the disk protected both the composite TiC/Ti-6Al-4V pin and the Ti-6Al-4V substrate disk from
wear regardless of the temperature, and no galling occurred in the contacts during fretting.

Temperature strongly influenced the wear behavior of the composite TiC/Ti-6Al-4V in contact with
DLC/Cr, GLC/Cr, and MoS,/Ti coatings in relative motion under fretting. Temperature interacted with
the fretting process in three ways: (1) The interactions at the contacting interface, such as adhesion, were
temperature dependent and increased with an increase in temperature. (2) The mechanical and chemical
properties of the coatings were temperature dependent and deteriorated with an increase in temperature.
(3) The wear rates of both the composite and the coatings were temperature dependent and increased with
an increase in temperature. The effectiveness of the DLC/Cr, GLC/Cr, and MoS,/Ti coatings on wear
varied markedly with temperature and decreased as temperature increased. The wear rate of the DLC/Cer,
GLC/Cr, and MoS,/Ti coatings exceeded that of the bare Ti-6A1-4V at 523 K. Thus, even at elevated
temperatures, there is an advantage in applying a MWNT coating to Ti-6Al-4V, but there is no advantage
to using DLC/Cr, GLC/Cr, and MoS,/Ti coatings on Ti-6Al-4V in a high-temperature environment,
particularly at 523 K and above.
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Conclusions

The following conclusions were drawn from studies of the fretting wear behavior of low-cost,
lightweight 10-wt% TiC/Ti-6Al-4V composite in contact with four types of solid-film lubricant coatings
(MWNTs dispersed on Ti-6A1-4V, DLC/Cr deposited on Ti-6Al-4V, GLC/Cr deposited on Ti-6Al-4V,
and MoS,/Ti deposited on Ti-6Al-4V) and with bare Ti-6Al-4V in air at temperatures of 296, 423, and
523 K. In addition, the wear of TiC/Ti-6Al-4V in contact with MWNTs dispersed on Ti-48 AI-2Cr-2Nb,
with MWNTs on nickel-based superalloy 718, with bare Ti-48 Al-2Cr-2Nb, and with bare nickel-based
superalloy 718 was examined under fretting in air at 296 K.

When TiC/Ti-6Al-4V was brought into contact with bare Ti-6Al-4V, bare Ti-48 Al-2Cr-2Nb, and bare
nickel-based superalloy 718 counterpart materials, strong adhesion, severe galling, and severe wear
occurred under fretting in air. However, when TiC/Ti-6Al-4V was brought into contact with MWNT,
DLC/Cr, GLC/Cr, and MoS,/Ti coatings, no galling occurred in the contact, and relatively minor wear
was observed during fretting regardless of the coatings. For example, the wear rate of the composite
TiC/Ti-6Al-4V fretted against MWNTs, DLC/Cr, GLC/Cr, and MoS,/Ti on Ti-6Al-4V was orders of
magnitude lower than that fretted against bare Ti-6Al-4V in air at 296 K.

All the solid-film lubricants are effective and are suitable for antigalling applications at temperatures
from 296 to 523 K under fretting conditions. The MWNT coating remained effective in antiwear even at
temperatures of 423 and 523 K. In contrast, the wear resistance of all the coatings decreased as
temperature increased.
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